In pulmonary hypertension, the right ventricle adapts to the increasing vascular load by enhancing contractility ("coupling") to maintain flow. Ventriculoarterial coupling implies that stroke volume changes little while preserving ventricular efficiency. Ultimately, a phase develops where ventricular dilation occurs in an attempt to limit the reduction in stroke volume, with uncoupling and increased wall stress as a consequence. With pressure-volume analysis, we separately describe the changing properties of the pulmonary vascular system and the right ventricle, as well as their coupling, as important concepts for understanding the changes that occur in pulmonary hypertension.
T he pulmonary circulation and right ventricle (RV) have been undiscovered land for a long time. It is only recently that we learned to understand the unique structure and function of the pulmonary circulation, and their consequences with regard to RV load and function in pulmonary hypertension (PH). There are striking differences between the pulmonary circulation and the systemic circulation, both anatomically and functionally. The systemic arterial system consists of a large main artery with side branches, whereas the pulmonary arterial bed is more like a system of short vessels repeatedly branching into, on average, 3 daughter vessels (1, 2) .
Not only does the anatomy differ, but functional differences also exist. One example is the response to hypoxia, with vasoconstriction in the pulmonary vasculature, but dilation in the systemic vasculature.
A hemodynamic comparison between aortic and pulmonary artery pressures (PAP) with increasing vascular resistance, as in hypertension, is schematically shown in Figure 1 is that the RV fails after a course of immense adaptation, with RV contractility able to increase 4-to 5-fold. Therefore, RV failure can only be understood in relation to its load, called coupling. Combining hemodynamic assessments with novel imaging techniques allows these changes to be measured over time.
The aim of this review is to summarize recent hemodynamic insights in the pulmonary circulation in PH, indicate the consequence of these findings for daily practice in the clinic, and identify the limitations and gaps in our current knowledge. All relevant physiological parameters will be discussed using an integrative approach. We will start with a description of the pulmonary vascular load and its changes in PH, and subsequently outline the response of the RV (Central Illustration). (6) has suggested that rarefaction may also play a role. Further research in this area is required to understand the structural basis of increased resistance in the pulmonary vascular bed.
THE PULMONARY VASCULAR SYSTEM
THE PRESSURES ARE PROPORTIONAL IN PH. As a consequence of the increased resistance, PAP will increase. One of the most striking features of the pulmonary circulation in PH is that pulmonary artery systolic and diastolic pressures are proportional to mPAP (7, 8) . Even in left heart failure, with considerably increased PAWP, this proportionality is maintained (9).
Echocardiography or invasively measured RV systolic pressure (P s ) in patients with patent pulmonary valves allows for a reliable calculation of mean and diastolic pressures: systolic PAP ¼ P s ; diastolic PAP ¼ 0.36 P s ; mPAP ¼ 0.6 P s ; and pulse pressure (PP) ¼ 0.6 P s (9) .
RESISTANCE AND COMPLIANCE ARE INVERSELY
RELATED. The proportionality of the pressures follows from the unique properties of the pulmonary vascular system. Kind et al. (10) showed that it results from an inverse relationship between the 2 major components of the vascular load: PVR and total arterial compliance (TAC). Although this inverse relationship was already indicated in 1971 (11), it was Lankhaar et al. (12, 13) who demonstrated that this inverse relationship holds in patients with pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension (CTEPH), as schematically represented in Figure 2 . For the inverse relation, it holds that PVR $ TAC is constant and is called the arterial time constant (abbreviated as RC). In a study of Saouti et al. (14) in CTEPH patients, it was shown that the inverse relationship is valid for the left and right pulmonary artery, even though the clots were asymmetrically distributed over both lungs. This suggests that the impact of proximal or distal obstruction has a similar effect on the relationship. Whether the inverse relation also holds for central obstructions in the main pulmonary artery is debated (15, 16) . In a large patient cohort, the relationship was confirmed (17, 18) , but it was also established that the relationship shifts to the left in patients with PH due to left-sided heart failure, as illustrated in Compliance is the most variable component in the early phase of the development of PH (small PVR increase) (area A in Figure 2 ), whereas at high PVR the compliance changes little with PH severity (area B in Figure 2 ). Therefore, changes in (local) pulmonary artery distensibility, as a surrogate for pulmonary arterial compliance, might serve as an indication of the development of early pulmonary vascular disease, even before PVR is increased.
Indeed, in a study by Swift et al. (20) , it was suggested that a decrease in pulmonary artery compliance is an early marker of increased PVR. (24), and proven practical for the RV by Brimioulle et al. (25) . The method relies on extrapolation of the measured pressure to a theoretical isovolumic contraction, P isovol . This P-V point, in combination with the end-systolic P-V point, is used to calculate E es . It should be noted that the estimation of P isovol has not been validated in patients with severe PH.
The ventricular load can be estimated from the P-V relation as arterial elastance (E a ) (area A in Figure 3 ), which is a measure of PVR, namely the PVR/R-R interval or PVR $ heart rate (26), under the assumption that end-systolic pressure can be approximated by mPAP (27) . E a is not a measure of compliance, as the term suggests ( Figure 3 ). E a is a ventricular-independent measure of arterial function, and E es is a so-called load-independent measure of ventricular function, whereas pressure, CO, and SV are load and heart dependent. "Coupling" is a measure of energy transfer (discussed later) and can be assessed from the ratio between end-systolic elastance and arterial elastance E es /E a . The singlebeat analysis gives E es /E a ¼ P isovol /P es À 1 (with P es being end-systolic pressure); as a further simplification, P es is often set equal to mPAP.
The slope of the P-V relation at end-diastole, called end-diastolic elastance (E ed ) (area C in Figure 3 ), can be used to characterize diastolic stiffness (27) .
A single-beat analysis to obtain E ed has also been worked out (27) (28) (29) . Thus, RV systolic and diastolic function, together with the arterial load, can be studied using P-V information. (the E es ) of the RV. Important mechanisms to achieve this increase in E es include muscle hypertrophy leading to an increase in wall thickness, as well as changes in muscle properties per se. However, if the disease advances, the hypertrophic process will be halted and SV decreases (30) . The only mechanism to The increase in the pulmonary arterial resistance and pressure may be a factor 5 compared with about 50% in the systemic circulation. In the pulmonary artery, systolic and diastolic pressures are about 1.6 and 0.6 times mean pressure, respectively. This proportionality is not found in the systemic circulation. Left panel was constructed from data in Table 1 Vonk Noordegraaf et al.
preserve SV is then RV dilation. In an attempt to maintain CO with the decreasing SV, the heart rate increases, and because E a ¼ PVR $ heart rate, the E a increases, and the ratio E es /E a decreases. Thus, RV uncoupling will occur in advanced stages of disease (27) , as well during exercise (31) . Compared with LV adaptation until heart failure, the RV can remain coupled for the large increase in load.
The ventricular response to the load also affects diastolic function. The hypertrophy itself makes the ventricle stiffer, but changes in muscle properties add to this effect (29) .
Because uncoupling will only occur in end-stage disease (27, 31) , the adaptational mechanisms to maintain coupling are more interesting to measure than the coupling itself. However, sensitivities to predict outcomes (as in Figure 2 ) may be different: large changes can be more reliably detected in the presence of measurement noise. For instance, SV/ESV may be more 
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The Right Ventricle and Its Load in Pulmonary Hypertension
Pulmonary vessel narrowing leads to increased vascular load on right ventricle (RV)
RV adapts by increasing muscle contractility and wall thickness ("coupling")
To maintain cardiac output, RV dilates and heart rate increases Increase in wall stress and oxygen consumption per gram follow Leftward septal bowing results The clinical consequences of these concepts are:
Total RV power can be calculated as 1.30 mPAP $ CO (oscillatory power is 23% of total power, thus mean 
(Top) RV volumes at coupled stage and uncoupled stage in pulmonary hypertension.
(Bottom) Representative P-V loops of control, hypertension with maintained coupling (early stage), and hypertension with increased RV volume. In regions A and B, E es /E a is within normal range, ventriculoarterial coupling is maintained, and wall stress is similar.
In region C, volume is increased, E es /E a is decreased (uncoupling), and wall stress is increased. E es is the slope of the end-systolic pressure volume relation as measure of RV contractility, and E a is a measure of the arterial load (E a ¼ PVR/T ¼ PVR $ heart rate). SV is stroke volume and V d is the intercept with the volume axis. Diastolic elastance, E ed , is ventricular elastance at end-diastole, given as the slope of the diastolic P-V relation.
PH ¼ pulmonary hypertension; P-V ¼ pressure-volume; PVR ¼ pulmonary vascular resistance; RV ¼ right ventricle/ventricular; RVEDV ¼ right ventricular end-diastolic volume; SV ¼ stroke volume.
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power is 77%, that is, total power equals 100/0.77 ¼ 1.3 mean power).
The best way to guarantee long-term survival and prevent RV failure in patients with PH is to reduce mPAP.
Therapies to improve RV oxygen efficiency might be effective in PH.
An integrated imaging and invasive approach is feasible to assess all components of pulmonary vascular load and RV function in patients ( Figure 5) . During the initial rise in PVR, presented as E a ¼ PVR/T with T heart period (1/heart rate), the RV adapts. Adaptation is by increasing E es due to muscle cross-sectional area and intrinsic muscle properties. The ratio E es /E a is maintained. Later in the process, RV volume increases, and E a increases as a result of the increased heart rate and somewhat increasing PVR, whereas E es decreases. The ratio E es /E a is decreased, implying uncoupling of heart and load and a decrease in RV efficiency. mPAP ¼ mean pulmonary artery pressure;
PAH ¼ pulmonary arterial hypertension; other abbreviations as in Figure 3 . Restoring ventricular interdependency by means of pacing will increase mechanical efficiency. This concept has only been tested in small cohorts of patients (53) .
The importance of the LV in PH is underlined by the fact that SV is closely related to LVEDV, and not to RV end-diastolic volume (54) .
Series interdependency of LV and RV in LV failure has recently been discussed in detail (54) .
I n c r e a s e d s t i f f n e s s . Finally, the increased wall tension reflects increased RV cardiomyocyte stress.
Although it is not possible to measure cardiomyocyte stress directly, methods are available to derive local strain (shortening) by CMR (43) and strain echo (55) . Increased diastolic stiffness, expressed as E ed , is associated with a poor prognosis (27, 31) . Studies by Trip et al. (27) and Rain et al. (29) showed that diastolic stiffening occurs in the advanced disease state, and is the consequence of molecular changes in the cardiomyocyte, as well as hypertrophy.
CONCLUSIONS
This review shows that the need of the RV to remain coupled to its load explains the RV changes in PH.
Because the load can increase by more than 5-fold in this disease, coupling can only be achieved by an almost similar increase in contractility. In the more 
